The role of relatedness in animal societies has received important consideration as a process 18 driving social groups. In the marine world, most studies which have investigated this question 19 have focused on marine mammals such as whales and dolphins. For sharks, recent studies 20 have demonstrated preferential associations among individuals from which social 21 communities emerge. Assortment patterns have been found according to phenotypic or 22 behavioural traits but the role of genetic relatedness and family structure in shaping the social 23 structure of adult shark populations has never been investigated. Here, we used a social 24 network analysis crossed with DNA microsatellite genotyping to investigate the role of the 25 genetic relatedness in the social structure of a blacktip reef shark (Carcharhinus 26 melanopterus) population. We found an established social network spatially organized but 27 dynamic through time with different communities merging during the mating periods. Such 28 recombination shows the males being more gregarious. Kinship was not a predictor of 29 associations among sharks both at the dyad or community levels as individuals tended to 30 associate independently and randomly regardless of the genetic relatedness between 31 individuals. The lack of parental care in this species may contribute to the breakdown of 32 family links in the population early in life, thereby preventing the formation of kin-based 33 social networks. 34 35
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The role of relatedness in animal societies has received important consideration as a process 18 driving social groups. In the marine world, most studies which have investigated this question 19 have focused on marine mammals such as whales and dolphins. For sharks, recent studies 20 have demonstrated preferential associations among individuals from which social 21 communities emerge. Assortment patterns have been found according to phenotypic or 22 behavioural traits but the role of genetic relatedness and family structure in shaping the social 23 structure of adult shark populations has never been investigated. Here, we used a social 24 network analysis crossed with DNA microsatellite genotyping to investigate the role of the 25 genetic relatedness in the social structure of a blacktip reef shark (Carcharhinus 26 melanopterus) population. We found an established social network spatially organized but 27 dynamic through time with different communities merging during the mating periods. Such 28 recombination shows the males being more gregarious. Kinship was not a predictor of 29 associations among sharks both at the dyad or community levels as individuals tended to 30 associate independently and randomly regardless of the genetic relatedness between 31 individuals. The lack of parental care in this species may contribute to the breakdown of 32 family links in the population early in life, thereby preventing the formation of kin-based 33 social networks. Socialising is an adaptive strategy which is widespread across the animal kingdom that can 42 take various forms, from temporary unstable associations to long-term stable groups in 43 complex societies (Krause and Ruxton 2002) . Understanding the factors that influence the 44 formation and evolution of social groups is important to understand the evolution of animal 45 societies as well as to gain insight into population dynamics and conservation strategy 46 (Snijders et al. 2017 ). Associations among individuals can provide benefits to improve individual fitness by reducing predation risk or improving foraging efficiency (Krause and 48 Ruxton 2002) . While individuals can benefit by simply associating with other conspecifics 49 (Kerth et al. 2011) , the benefit of grouping can be enhanced by associating with similar 50 individuals, also called social assortativity. By associating with individuals of the same size 51 or the same sex, individuals are more likely to avoid conflict or harassment (Dadda et al. 52 2005) and their risk of predation is reduced via the confusion effect (Landeau and Terborgh 53 organisms has been primarily limited to marine mammals (Wiszniewski et al. 2010; Mann et 66 al. 2012; Reisinger et al. 2017) . Several cetacean societies show strong kin-based social 67 network structures. However, in fishes, kin structure is less clear. Work on shoaling fish, for 68 example, did not find kin assortment, even in species that have the abilities for kin 69 discrimination ). While sharks have recently been shown to be able to 70 develop preferred associations and organise into structured social networks (Mourier et al. 71 2018), kinship has only been explored in one case study that focused on juvenile sharks 72 (Guttridge et al. 2011) , highlighting a lack of information on the potential for kin-based 73 associations to arise in shark populations. 74
Overall, most studies that have explored the relationship between genetic relatedness and 75 social interactions have focused on highly social species and in particular, on species that 76 exhibit parental care (Wolf and Trillmich 2008; Wiszniewski et al. 2010; Kerth et al. 2011). 77 Studying less social vertebrates should significantly improve our understanding of how social 78 and genetic structure interact to shape the evolution of sociality in the animal kingdom. 79
In this study, we investigate the interaction between socio-spatial patterns and genetic 80 relatedness in a population of blacktip reef sharks (Carcharhinus melanopterus) monitored 81 over a 3-year period on the North shore of Moorea island (French Polynesia). Sharks 82 represent an interesting and unique model to explore the extent to which individuals interact 83 with genetically related associates due to ecological traits that differ from most social sharks do not show parental care and many shark species drop their progeny in specific 90 nurseries outside adult habitats (Mourier and Planes 2013). These discrete nurseries are 91 chosen to potentially provide the neonates with a safe environment where they will spend 92 their first months of life. When juvenile sharks reach a certain size or age, they leave their 93 nursery to explore a wider home range (Chapman et al. 2009 ) and integrate within the adult 94 population and interact with others. Therefore, these shark populations do not show social 95 viscosity (i.e., philopatry and delayed dispersal) as in some kin-based societies (Wolf and 96 Trillmich 2008) . In such aggregations, interactions between kin are also diluted by the 97 presence of numerous neighbours and average relatedness quickly drops with increasing 98 group size. In some shark species, the likelihood of associating with a related peer is reduced 99 due to small litter size and a high mortality rate at the juvenile stage, leading to a lack of first 100 order relatives to reach adulthood. However, in a closed system, such as an isolated island, 101 and in the case of blacktip reef sharks which spends its entire life cycle within Moorea 102 (Mourier and Planes 2013), relatives have more chance encounter each other and interact in 103 social groups. 104
To understand the assortative forces which underpin the structural properties of the 105 system is challenging for elusive underwater animals. As the blacktip reef shark displays a 106 high degree of site attachment (Papastamatiou et al. 2009 ) and shares some of its areas with a 107 variety of neighbours (Mourier et al. 2012) , exploring this network holds the potential to 108 work out the relationship between spatial, social and genetic structure in a reef shark. As reef 109 sharks do not show parental care but display ontogenetic habitat segregation with females 110 leaving their young in discrete nurseries, we will test: (1) whether the social network changes 111 between the non-mating and mating seasons and (2) whether genetic relatedness plays a role 112 in structuring the network at both the individual and community levels. Here, for the first 113 time, we explore the link between social network and relatedness in an adult shark 114 population. 
Network metrics 141
A randomization procedure was implemented to test if there is a relationship between the 142 social network and factors such as the genetic relatedness, the spatial overlap and the sex 143 category of each dyad. We therefore used a data stream permutation procedure and, based on 144 the stack of individual by individual matrix for each sampling period, swaps individuals 145 between associations within sampling periods, and then recalculated the weighted summary 146 network after each swap. Each of the 1000 permutations implemented in this study created a 147 new weighted network, resulting in a new stack of matrices (Farine 2013 ). This procedure 148 performed permutations which controlled for the number of observations and group size. 149
We used an eigenvector-based modularity method to determine if the population was divided 150 into different communities (clusters) (Newman 2006) , and whether groups of close affiliates 151 (i.e. individuals connected by edges with high HWI values) could be identified. We 152 calculated modularity using the difference between the proportion of total co-occurrences 153 within clusters and their expected proportion given the sum of co-occurrences of inter-cluster 154
individuals. 155
We then compared the gregariousness of individual sharks between the non-mating and 156 mating seasons. For this, we used two measures of gregariousness: node degree (or binary 157 degree) which is the number of direct neighbours each individual is connected to in the 158 network and node strength (or weighted degree) that is the sum of associations of an 159 individual. We then used these network metrics in order to determine (1) whether individuals 160 differed in their gregariousness between non-mating and mating seasons and (2) whether 161 males and females differed in their gregariousness with respect to season. To test if there is a 162 difference, we used data permutations described above and compared the t-statistic of the 163 observed difference between the two seasonal networks (or between males and females for 164 each network depending on the analysis) to the distribution of t-values from the randomised 165 data (Farine and Whitehead 2015; Farine 2017). If the observed t-statistic sits outside the 166 random distribution, then the difference is significant. The significance is therefore calculated 167 by counting the number of randomised test statistics that had a greater value than the 168 observed statistic if the statistic is positive (or a lower value than the observed statistic if the 169 statistic is negative), and then dividing by the number of randomisations. Similarly, we verified whether the proportion of closely related pairs was higher within than 237 between social communities using a chi-squared test following the same approach as the 238 precedent analysis with mean relatedness. We compared the c 2 statistics of the observed 239 difference in proportions of relatedness values above a certain threshold between within-and 240 between-communities to that of expected relatedness values generated by randomly shuffled 241 individuals between community groups for 1000 permutations and keeping size constant. We was divided into five distinct communities while the mating season network was only divided 254 into three large communities ( Figure 2 ). Gregariousness was generally higher during the 255 mating season, with a significantly higher degree during the mating season (t = -2.803, Prand 256 = 0.001) and a higher strength, although the latter was not significant (t = -2.883, Prand = 257 0.052) ( Figure 3 ). Males were generally more gregarious than females, as they interacted 258 with more individuals (higher degree) and had stronger relationships (higher strength) for 259 both seasons, although only degree was significantly higher for males during the non-mating 260 period ( Figure 3 ; Table 1) From the 17 microsatellite markers taken from our previous study (Mourier and Planes 288 2013) , the presence of null alleles was detected at Cli12 which was then removed from our 289 dataset for further genetic analyses. We conducted the genetic analyses with 16 loci (Table  290   S1 ). 291 292
Crossing of genetic relatedness and association patterns 293
MRQAP regressions revealed that only spatial overlap was a significant predictor of 294 associations among sharks for both mating and non-mating seasons (p < 0.05; Table 2 ; Table  295 3). Indeed, sex homophily was not a significant factor and this was also confirmed by the 296 lack of significance of male and female homophily in explaining association patterns among 297
sharks. 298
With a negative regression coefficient, genetic relatedness was not a significant predictor of 299 association patterns in both seasons (β = -0.014 for the non-mating season and β = -0.002 for 300 the mating season; Table 2 and Table 3 ). 301 302 
312
Average pairwise relatedness among individuals was 0.0006 ± 3.98 10 -6 (mean ± SE) ranging 313 from -0.462 to 0.909. Within-community relatedness estimate was inferred for each 314 community with five or more samples for both non-mating and mating seasons; therefore, 315 during the non-mating period, the purple community ( Figure 2 ) which had only three 316 individuals, was excluded from this analysis. In general, relatedness within all communities 317 was not higher than expected if communities were randomly organized (non-mating period: 318 mean ± SE = 0.017 ± 0.005, p < 0.322; mating period: mean ± SE = 0.016 ± 0.005, p < 319 0.297) (Figure 4 ). Relatedness within each community was also not higher than expected: for 320 communities green (mean ± SE = 0.058 ± 0.017, p < 0.069), blue (mean ± SE = 0.011 ± 321 0.007, p < 0.378), red (mean ± SE = -0.004 ± 0.008, p < 0.535) and yellow (mean ± SE = -322 0.014 ± 0.041, p < 0.563) during the non-mating season, and green (mean ± SE = 0.038 ± 323 0.012, p < 0.245), blue (mean ± SE = 0.012 ± 0.006, p < 0.339) and red (mean ± SE = -0.001 324 ± 0.009, p < 0.534) during the mating season (Figure 4) . and 1910 (7.5%) had values higher than 0.25. In addition, there was no difference in the 339 proportion of close relatives within and between communities for either threshold relatedness 340 value during the non-mating season (chi-squared test for threshold 0.125: d.f. = 1, c 2 = 0.543, 341 p = 0.684; chi-squared test for threshold 0.25: d.f. = 1, c 2 = 1.539, p = 0.344) and during the 342 mating season (chi-squared test for threshold 0.125: d.f. = 1, c 2 = 1.524, p = 0.491; chi-343 squared test for threshold 0.25: d.f. = 1, c 2 = 2.040, p = 0.314) ( Table 4) . 344
Together, these results suggest that no differences exist for within-and between-345 community membership with respect to the genetic relatedness of their members. 346 347 356 We found that the social network of blacktip reef sharks in Moorea was dynamic with 357 five mixed-sex communities during the non-mating season merging into three larger 358 communities during the mating season (Figure 2) . Social proximity was not predicted by the 359 genetic relatedness between sharks both at the association and community levels and was 360 only explained by spatial overlap between individuals. A genetic relatedness analysis also 361 revealed that individuals had low probabilities of interacting with a close-kin which could 362 explain the lack of influence of kinship in structuring the social network in this population. 363
These results therefore suggest that genetic relatedness does not drive the structure of the 364 social network in this shark population. 365
Our previous work on this population suggested that association patterns between 366 sharks could be dynamic and may be seasonally dependent (Mourier et al. 2012 ). By 367 analysing the non-mating and mating seasons separately, we revealed that the overall 368 population network changed between seasons. During the non-mating season, the network 369 was composed of five communities in which members were more connected to each other 370 that they were with members of other communities. During the mating season, the network 371 communities merged to form three larger communities. This dynamic appears to be driven by 372 the movements and increased activity of some individual sharks during the mating season, 373 switching from one community to another (Figure 2 ). Males that move among communities 374 during the mating season may gain a selective advantage in courting novel females as shown 375 in other fishes (Kelley et al. 1999) . Individuals tend to be more connected during the mating 376 period and males are more gregarious than females during both seasons (Figure 3 Moorea was limited to a maximum of two pups (Mourier and Planes 2013). In addition, 396 blacktip reef sharks follow a yearly breeding cycle with females giving birth every year and 397 potentially being fertilized by multiple males within or across years, which increases the 398 probability of having maternal and paternal half-siblings. Our ongoing long-term nursery 399 monitoring shows that capture probabilities rapidly decline after March (unpublished data), a 400 couple of months after parturition, which suggests a dramatic mortality rate within the 401 nursery areas during the first months of life (i.e. survival rate expected to be inferior to 50% 402 during the first year of life). Together with a small litter size and absence of parental care, 403 this high mortality rate, which is common in many shark species, is likely to limit the 404 opportunity to find family members and develop strong affiliations with close relatives at 405 adulthood. Even in nurseries, juvenile lemon sharks did not clearly assort by relatedness 406 (Guttridge et al. 2011 ), even if the probability of finding a relative is higher for this species 407 with a larger litter size. When juvenile sharks grow, they progressively explore their 408 environment and increase their home range ( societies. Kinship is expected to promote the evolution of cooperation and sociality in 426 animals (Hamilton 1964 ). However, our understanding of the evolution of sociality results to 427 a great extent from the study of closed societies, in which interactions mainly involve 428 relatives and can hence be explained by kin selection (Hamilton 1964 ). However, the kin 429 selection theory has recently been challenged by results from studies showing that fitness 430 benefit can emerge in social groups composed mainly of non-relatives (e.g., Cameron 
